Peculiar Velocities of Galaxies Just Beyond the Local Group by Anand, Gagandeep S. et al.
Draft version May 29, 2019
Typeset using LATEX twocolumn style in AASTeX62
Peculiar Velocities of Galaxies Just Beyond the Local Group
Gagandeep S. Anand,1 R. Brent Tully,1 Luca Rizzi,2 Edward J. Shaya,3 and Igor D. Karachentsev4
1Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822, USA
2W.M. Keck Observatory, 65-1120 Mamalahoa Highway, Kamuela, HI 96743, USA
3Astronomy Department, University of Maryland, College Park, MD 20743, USA
4Special Astrophysical Observatory, Nizhniy Arkhyz, Karachai-Cherkessia 369167, Russia
ABSTRACT
The Milky Way lies in a thin plane, the Local Sheet, a part of a wall bounding the Local Void
lying toward the north supergalactic pole. Galaxies with accurate distances both above and below this
supergalactic equatorial plane have systematically negative peculiar velocities. The interpretation of
this situation is that the Local Void is expanding, giving members of the Local Sheet deviant velocities
toward the south supergalactic pole. The few galaxies within the void are evacuating the void. Galaxies
in a filament in the supergalactic south are not feeling the expansion so their apparent motion toward
us is mainly a reflex of our motion. The model of the local velocity field was uncertain because the
apex of our motion away from the Local Void lies in obscurity near the Galactic plane. Here, results
of Hubble Space Telescope infrared observations are reported that find tip of the red giant branch
distances to four obscured galaxies. All the distances are ∼ 7 Mpc, revealing that these galaxies are
part of a continuous filamentary structure passing between the north and south Galactic hemispheres
and sharing the same kinematic signature of peculiar velocities toward us. A fifth galaxy nearby in
projection, GALFA-DW4, has an ambiguous distance. If nearby at ∼ 3 Mpc, this galaxy has an
anomalous velocity away from us of +348 km s−1. Alternatively, perhaps the resolved stars are on the
asymptotic giant branch and the galaxy is beyond 6 Mpc whence the observed velocity would not be
unusual.
Keywords: galaxies: distances and redshifts — galaxies: individual (ESO 558-011, GALFA-DW4,
HIZSS-003, HIZSS-021, Orion Dwarf) — galaxies: stellar content — Hertzsprung-Russell and CM
diagrams — large scale structure of universe
1. INTRODUCTION
Thanks to imaging with Hubble Space Telescope
(HST), there is an increasingly complete inventory of
accurate distances to nearby galaxies derived from the
luminosities of stars at the tip of the red giant branch
(TRGB). Typical uncertainties in distances are 5% for
systems within 10 Mpc. A galaxy at 5 Mpc has an ex-
pectation velocity of 375 km s−1 assuming a value of the
Hubble Constant of 75 km s−1 Mpc−1 consistent with
the TRGB zero-point scale (Tully et al. 2016). Devia-
tions from this expectation, so-called peculiar velocities,
can be determined with uncertainties of ∼ 20 km s−1. In
these nearby cases the peculiar velocities can be easily
extracted with significance from the Hubble flow, unlike
with galaxies at substantial distances where peculiar
velocity components tend to be small fractions of the
observed velocities.
There are two dominant general characteristics of the
motions of nearby galaxies. Most nearby galaxies lie in
a thin plane (the Local Sheet) which significantly moti-
vated the specification of the equatorial equator in su-
pergalactic coordinates (de Vaucouleurs 1956). Domi-
nant characteristic one is that galaxies within this plane
experience only modest velocity excursions from Hubble
flow; only ∼ 40 km s−1 in the line of sight if the virial
regions are excluded (Karachentsev et al. 2002, 2003).
Dominant characteristic two is an outflow from the Lo-
cal Void (Tully & Fisher 1987). The Local Sheet is a wall
of the Local Void and the expansion of the void gives a
motion of the wall normal to the plane, toward the su-
pergalactic south pole (Tully et al. 2008). The general
features of this situation are reasonably well established.
Galaxies both above and below the Local Sheet have
peculiar velocities toward us. Below the supergalactic
equatorial plane (negative SGZ) there is a wispy fila-
ment that runs from the Leo (NGC3368) Group near the
Virgo Cluster through to the Fornax Cluster. This fila-
ment is identified in the Nearby Galaxies Atlas (Tully &
Fisher 1987) as the Leo Spur north of the Galactic plane
and as the Dorado Cloud south of the Galactic plane.
Galaxies in this structure are systematically moving to-
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Galaxy RA (J2000) Dec (J2000) l (Gal.) b (Gal.) sgl (SGal.) sgb (SGal.) F110W (s) F160W (s)
ESO 558-011 07:06:57.1 -22:02:25 234.3388 -6.6215 182.8833 -83.0691 3824 3824
HIZSS-003 07:00:26.5 -04:12:37 217.7050 0.0871 33.2401 -78.4203 3824 3521
HIZSS-021 07:46:16.2 -28:28:04 244.1748 -1.8423 165.7527 -72.6546 3824 3824
Orion Dwarf 05:45:02.1 +05:04:11 200.6191 -12.3003 345.2606 -62.9516 2611 2611
Table 1. Summary of the useable HST WFC3/IR observations from proposal 15150 (PI R. Tully). Each target was observed
for 1.5 orbits in each filter (3824 seconds), but two targets (HIZSS-003 and the Orion Dwarf Galaxy) have exposures that are
not useable due to excessive drift caused by the failure of HST to properly acquire guide stars. The option to repeat these
observations was not pursued due to adequate depth in the useable data.
ward us relative to the Hubble flow at several hundred
km s−1 (Karachentsev et al. 2015). Positive SGZ is the
domain of the Local Void, hence is scantily populated.
Two lonely dwarfs are observed to be rushing toward us
(Rizzi et al. 2017). The overall situation is captured by
a numerical action orbit reconstruction in the volume
within 2850 km s−1 (Shaya et al. 2017). In this model,
the Local Sheet, our Galaxy included, is descending in
SGZ due to the expansion of the Local Void and the few
galaxies within the void at positive SGZ are being ex-
pelled even faster, catching up to us. The galaxies in the
Leo Spur−Dorado Cloud are not affected by the Local
Void expansion so their apparent negative values are a
recoil of our downward motion.
While the picture just described was becoming com-
pelling, it was unfortunate that the galaxies with good
distances at negative SGZ were significantly displaced
from the south supergalactic pole. Vector decomposi-
tions provided only partial information on the vertical
(SGZ) components of peculiar velocities. This circum-
stance arose because the south supergalactic pole lies
in obscuration near the Galactic plane. This paper de-
scribes a successful effort to acquire distances to galaxies
at low Galactic latitudes near the supergalactic south
pole through imaging with HST at near infrared bands.
The overall results are in good agreement with expec-
tations from the Shaya et al. (2017) model. However
there is the possibility that one galaxy has a remarkably
anomalous velocity.
2. DATA & OBSERVATIONS
2.1. Existing Data
Our knowledge of nearby galaxy distances and mo-
tions has been tremendously enhanced with deep, high-
resolution observations enabled by HST, both in the op-
tical and near-infrared. Over the years, the community
has proposed and received observations of ∼500 galax-
ies that have the right combination of depth and filters
to successfully extract a TRGB distance. However, a
uniform sample with minimal competing systematics re-
quires the data to be photometered and analyzed in the
same way. To this end, our collaboration has been main-
taining the CMDs/TRGB catalog on our Extragalactic
Distance Database, or EDD1 (Tully et al. 2009; Jacobs
et al. 2009). We currently have analyzed over 450 galaxy
CMDs, nearly doubling the initial release of 250. More
are being added on a continued basis as observations be-
come available from our own programs and within the
HST archives.
2.2. New HST Observations
The lack of galaxies with accurate distances near the
south supergalactic pole prompted us to submit HST
proposal 15150 (Cycle 25, PI R. Tully). Four targets
were selected, each suspected to lie several megaparsecs
beyond their apparent Hubble flow distances (v/H0) of
3-4 Mpc. Due to the significant extinction associated
with looking through the galactic plane, the galaxies
were observed in the near-infrared with WFC3/IR in
both F110W & F160W.
Each target was observed for 1.5 orbits in each fil-
ter, although not all of this was usable. Excessive drift
caused by the failure of HST to properly acquire guide
stars resulted in a loss of 0.5 orbits in each filter for
the Orion Dwarf Galaxy, and 0.25 orbits in F160W for
HIZSS-003. The option to repeat these observations was
not pursued since the data had reached the necessary
depth for our purposes. A summary of the observations
is presented in Table 1.
Color images for our targets are shown in Figure 1. We
map F160W to red, F110W to blue, and average both
filters to get green. The images are aligned and drizzled
using DrizzlePac 2.0 (Avila et al. 2015), and combined
with APLpy (Robitaille & Bressert 2012) & Montage
(Jacob et al. 2010; Berriman et al. 2017), followed by
minor adjustments in Lightroom.
1 edd.ifa.hawaii.edu
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Figure 1. RGB images of the four galaxies (a) ESO 558-011 b) HIZSS-003, c) HIZSS-021, d) Orion Dwarf) constructed from
our WFC3/IR F110W+F160W observations. F110W is mapped to blue, F160W is mapped to red, and an average of the two
filters is used for green. The offset in colors of the star spikes for some of the targets are due to differing orientations between
individual exposures.
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3. TRGB MEASUREMENTS
3.1. Background
Stars near the tip of the red giant branch are useful
as standard candles due to their relatively uniform lumi-
nosities before undergoing the helium flash (Da Costa &
Armandroff 1990; Lee et al. 1993). The required metal-
licity corrections are small in the optical bands (Rizzi
et al. 2007), but become more significant in the near-
infrared (Dalcanton et al. 2012; Wu et al. 2014). The
method benefits from the fact that there is no require-
ment of a temporal baseline (such as with Cepheid vari-
ables), and that red giant branch (RGB) stars are plenti-
ful in the halos of galaxies, where issues with host galaxy
extinction are minimized. For a detailed review of the
method, its history, and systematics, see Beaton et al.
(2018).
3.2. Overall Method
To measure the location of the TRGB, we use a
method developed by Makarov et al. (2006) and updated
by Wu et al. (2014). PSF photometry is performed with
DOLPHOT (Dolphin 2000a, 2016) and culled to include
only sources of high quality. Artificial star experiments
are also performed within DOLPHOT to quantify the
levels of photometric error, bias, and completeness. The
luminosity functions of the RGB and asymptotic giant
branch (AGB) populations are fitted by a broken power
law, with the break signifying the location of the TRGB.
The magnitude and color of the TRGB are corrected for
galactic extinction, and the appropriate filter-dependent
calibrations are applied to produce a final distance mod-
ulus to the galaxy.
In general, the procedure for the optical (either
ACS/WFC or WFC3/UVIS) and near-infrared (WFC3/IR)
reductions and TRGB measurements are very similar.
We use separate criteria for culling the photometry
in the optical (McQuinn et al. 2017) versus the near-
infrared (Dalcanton et al. 2012), though we increase the
SNR requirement for the F606W optical photometry
from 2 to 5. The TRGB is usually only measured in the
F814W filter for optical data sets. In the near-infrared,
it is useful to measure the TRGB in both F110W and
F160W. This is because while F110W suffers more ex-
tinction than F160W, the metallicity dependence of the
TRGB is nearly half (Wu et al. 2014).
The remainder of this section highlights specific mod-
ifications/additions to the above well-established proce-
dures, and then presents the resulting distances. The
DOLPHOT photometry, CMDs, tables of relevant val-
ues, and color images from this work are all available on
EDD.
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Figure 2. Color-magnitude diagram for HIZSS-021 for the
full WFC/IR region. Foreground extinction is calculated
by simulating non-extincted galactic stars with TRILEGAL,
and finding the extinction value that produces the best-fit to
the observed population.
3.3. Spatial Selections
One issue that often occurs is confusion of the TRGB
by stars with similar magnitudes and colors, including
AGB stars and supergiants. These stars are preferen-
tially located in regions with higher host galaxy extinc-
tion, and thus may become reddened to the point which
they appear on the CMD as stars near the tip of the red
giant branch.
These issues are enhanced when working in the near-
infrared, as the RGB and AGB exhibit nearly identical
colors. Additionally, the WFC3/IR detector has a rela-
tively large pixel size of 0.13′′ (compared to 0.05′′ with
ACS/WFC), leading to enhanced effects of crowding in
the central regions of galaxies. Such effects can lead
to significant errors in the final distance (Anand et al.
2019). To avoid these issues, we use glue2 to select out
the main body of the galaxy, and remove the associated
stars from the galaxy’s CMD. The result is a substan-
tial sharpening of the break associated with the TRGB,
leading to more significant detections.
2 http://glueviz.org/
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3.4. Extinction
By their selection, our four new targets lie at low
galactic latitudes. This introduces a possibility that
foreground extinction values differ greatly from what is
tabulated in all-sky dust maps (Schlafly & Finkbeiner
2011).
To get around this, we use the numerous foreground
stars present in the CMDs to our advantage. We employ
a technique adapted from Wu et al. (2014) – in brief,
we use TRILEGAL (Girardi et al. 2005) to generate a
population of unextincted galactic stars in our CMD
based on the galactic longitude, latitude, and size of
our target fields. The simulated foreground stars are
added to the existing CMD, and E(B-V) is varied until a
best-fit is achieved to the observed population, with the
errors given by the range of possible fits. To maximize
the number of observed stars, we use the full field CMDs
for this procedure. A sample CMD with the simulated
TRILEGAL stars and best-fit is shown in Figure 2.
In one case (the Orion Dwarf), there are not enough
foreground stars to perform this procedure adequately.
This is the target most removed from the galactic plane
(b = −12.30◦). Fortunately, the Orion Dwarf has a large
number of upper main sequence stars detected in its
CMD. Following the method of Wu et al. (2014), we
use a Sobel filter to calculate the offset of the zero-age
main sequence (ZAMS) in color space from NGC 300, a
galaxy with a well known E(B-V) = 0.01. We use this
offset to find E(B − V ) = 0.595 ± 0.05, with the error
set to the bin size of the Sobel filter.
3.5. Distances
As mentioned above, we obtain measurements of the
TRGB magnitude in both F110W and F160W. The
magnitudes and colors are corrected for foreground ex-
tinction, and the calibrations of Wu et al. (2014) are ap-
plied to determine the absolute magnitude of the TRGB
in each filter.
The spatially selected F110W vs. F110W-F160W
CMDs, along with the TRGB measurements in the
F110W filter are shown in Figure 3. A table of measured
extinction values, final distances, and derived velocity
information is given in Table 2. The full-field CMDs,
spatially clipped CMDs (including those in F160W),
and other relevant measurements are available on EDD.
In general, there is good agreement between distances
calculated from either magnitude (F110W or F160W),
with the maximum discrepancies at the ∼2% level. The
agreement is expected since the photometric input is the
same and disagreements should only arise from noise.
3.6. Uncertainty Estimates
Typically, uncertainties are formally carried through
using standard error propagation techniques such as
adding in quadrature. For our four near-infrared targets,
we decide that this method is likely an underestimate.
In the optical bands (e.g. F814W), the absolute magni-
tude of the TRGB becomes fainter with a redder color.
If the estimated foreground extinction is incorrect, the
effects on mTRGB and MTRGB act in the opposite di-
rections, so that the error in distance is low, especially
given the relatively weak metallicity/color dependence
in F814W.
In the near-infrared (e.g. F110W and F160W),
MTRGB becomes brighter with redder colors, so that
an error in the foreground extinction acts in the same
direction upon mTRGB and MTRGB . Combining this
with the stronger color dependence in the near-infrared,
the result is more significant errors in the final distance.
Given this, we opt to use the full range of measured
TRGB magnitudes, colors, and E(B-V) values in our
analysis. The final distance error estimates in Table 2
reflect the range of determined values.
3.7. Previous Literature
Two of our dwarf galaxies (HIZSS-003 and Orion)
have been the topic of modest discussion in the liter-
ature. Our new and accurate distances provide valuable
insight into these Local Volume dwarfs.
3.7.1. HIZSS-003
Massey et al. (2003) discovered an optical (Hα) coun-
terpart to the HI cloud HIZSS-003 (Henning et al.
2000). A tentative distance was later provided by (Silva
et al. 2005), who present near-infrared VLT observations
(J+K) and use them to derive a TRGB distance. They
report d = 1.69 ± 0.07 Mpc, which is almost 4× closer
than the distance we present. Their Figure 6 shows the
very sparse CMD used for the TRGB detection. To
provide the same distance, our observed F110W magni-
tude for the TRGB would be ∼22.1, near where there
is a very modest increase in the stellar density (see Fig-
ure 3). On the other hand, our deep CMD reveals a
clear discontinuity at m = 25.13 ± 0.03 in F110W, with
a modest AGB population occupying the ∼1.5 magni-
tudes above (see EDD for a full-field CMD). The stars
located near the previously reported TRGB magnitude
of K=19.90 ± 0.09, are instead either foreground stars,
the brightest stars associated with the galaxy itself, or
a combination of both.
It was pointed out by Massey et al. (2003) that the
observed gas-phase metallicity ([O/H] = -0.9) in the sin-
gular HII region is significantly lower than the metallic-
6 Anand et al.
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Figure 3. F110W vs. F110W-F160W color magnitude diagrams used for finding distances to our four new targets. The TRGB
magnitude is shown with the horizontal line, with the break signifying the color range used for the fit.
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ity of the observed RGB ([Fe/H] = -0.5). Begum et al.
(2005) resolve this issue by presenting Giant Metrewave
Radio Telescope (GMRT) observations that resolve the
galaxy into two separate components, with HIZSS-003A
being much larger than the HII region hosting compan-
ion (HIZSS-003B). Our HST imaging reveals this smaller
companion galaxy to be 1.4′ away. The stellar popula-
tion of the companion is too scant to derive an indepen-
dent distance but the degree of resolution is comparable
in the two systems. Given the small velocity difference
(∼35 km s−1) and disturbed kinematical nature of the
system presented with the GMRT data, the two almost
certainly form an interacting system ∼ 3 kpc apart.
Begum et al. (2005) determined HI and dynamical
masses for the individual galaxies. Adjusting the phys-
ical size of the system for our larger distance (∼4×),
we find the HI and total masses of HIZSS-003A to be
2.2× 108 M and 2.6× 109 M respectively and, corre-
spondingly for system B, 4.0×107 M and 2×108 M.
3.7.2. Orion Dwarf
The Orion Dwarf was first detected in HI by Gio-
vanelli (1979) using the Green Bank and Arecibo tele-
scopes. Optical imaging from the BTA 6m telescope was
used to determine the magnitude of the brightest stars,
which led to a distance of 6.4 ± 2.0 Mpc (Karachent-
sev & Musella 1996). Vaduvescu et al. (2005) later used
infrared observations and a fundamental-plane defined
by absolute magnitude, surface brightness, and HI line
width to derive a distance of 5.4 ± 1.0 Mpc. Cannon
et al. (2010) present optical (Kitt Peak 0.9m) and HI
(VLA) observations, which they use to characterize the
rotation curve and star formation in the galaxy. They
use Hα imaging to derive a star formation rate of 0.04
M/yr. Their observed rotation curve flattens out at ∼
80 km s−1, and remains flat until their detection limit.
From their measurements, they find that Orion is a rel-
atively dark matter dominated system, with M/L ≈ 13.
Frusciante et al. (2012) examine the rotation curve
of Orion further, and attempt to consolidate the data
with a standard formalism of Modified Newtonian Dy-
namics (MOND). Their Figures 7+8 show the result of
this experiment. When assuming a distance of 5.4 Mpc
(Cannon et al. 2010), their adopted MOND formalism
(Famaey & Binney 2005) does a poor job at modeling
the observed rotation curve. Instead, their best fit is
achieved by shifting the distance out to 10 Mpc. They
highlight the need for a direct distance measurement
via the near-infrared TRGB, which we now provide.
Our distance of 6.79 ± 0.57 Mpc disfavors the MOND
interpretation.
3.8. The Case of GALFA-DW4
There is another galaxy located near the south su-
pergalactic pole whose distance we were able to eval-
uate during the process of our archival work (§2.1).
This galaxy, GALFA-DW4, was found during a search
for optical counterparts to ultra-compact high veloc-
ity clouds by Sand et al. (2015). They found a galac-
tic counterpart to the Galactic Arecibo L-Band Feed
Array HI (Stanimirovic´ et al. 2006) source GALFA-HI
086.4+10.8+611 at J2000 05:45:44.8 +10:46:16 (Galac-
tic l = 195.6610 b = −09.3213, supergalactic sgl =
352.4686 sgb = −58.4543). This galaxy is 5.7◦ from the
Orion dwarf in projection. The velocity of the HI signal
(vhel=629.6 km s
−1) is consistent with the Hα velocity of
the optical counterpart (vhel=622±35 km s−1). It turns
out that our derived distance to GALFA-DW4 indicates
that it has a substantial positive peculiar velocity (see
§4). Here we provide details about the analysis of this
interesting case.
GALFA-DW4 was observed with HST/ACS during
Cycle 24 (HST Proposal 14676, PI D. Sand) with one
orbit split evenly between F606W & F814W. We used
this data to generate a CMD and derive a TRGB dis-
tance in the course of our standard archival analysis.
For the TRGB determination, in addition to restrict-
ing the field to the galaxy to diminish foreground con-
tamination, we opt to exclude two prominent regions of
star-formation located at each ends of the galaxy (see
left-panel of Figure 4). These regions are the sites of
supergiants which have similar magnitudes and colors
to stars at the TRGB, and excluding them decreases
confusion from young populations.
The CMD (right-panel of Figure 4) is quite sparse,
making it difficult with our maximum likelihood
methodology to determine the magnitude of the TRGB
(Madore et al. 2009). More crudely, we use a Sobel filter
to determine mTRGB = 24.11 ± 0.25, with the gener-
ous uncertainty given by two alternate responses from
the Sobel filter. The case for the brighter magnitude
depends on whether those few stars at m ∼ 23.85 are
AGB stars or part of the RGB. On the lower side, a rea-
sonable case can be made that the RGB reaches at least
(∼ 24.35). Adopting E(B-V) = 0.53 from Schlafly &
Finkbeiner (2011), we find a distance to GALFA-DW4
of 2.98 ± 0.37 Mpc. The error in the distance (∼13%)
is larger than our typical uncertainties for ACS observa-
tions (∼5%), but is compelled by the relative sparseness
of what we have taken to be the RGB. A summary of
distance and velocity information is provided in Table
2.
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Figure 4. a: Color image of GALFA-DW4 created from HST/ACS observations. F606W is mapped to blue, F814W is mapped
to red, and a combination of the two is used for green. b: Color-magnitude diagram used for determining the distance to
GALFA-DW4. The TRGB magnitude is relatively uncertain due to the sparseness of what is taken to be the RGB.
PGC Galaxy E(B-V) Distance vh vLS H0d vpec
20171 ESO 558-011 0.395 ± 0.04 7.16 ± 0.55 731 491 537 −46 ± 43
2807061 HIZSS-003 0.845 ± 0.06 6.65 ± 0.50 288 115 499 −384 ± 40
2807065 HIZSS-021 0.767 ± 0.04 5.78 ± 0.39 494 220 434 −214 ± 32
17716 Orion Dwarf 0.595 ± 0.05 6.79 ± 0.57 387 303 509 −206 ± 45
5072715 GALFA-DW4 0.530 ± 0.05 2.98 ± 0.37 630 572 224 +348 ± 28
Table 2. A summary of our distances results for the five targets discussed in §3, including PGC Catalog #, derived reddening,
distance (Mpc), heliocentric velocity (vh), Local Sheet velocity (vLS), expected Hubble flow velocity (H0d) assuming H0 = 75
km s−1 Mpc−1, and peculiar velocity (vpec = vLS −H0d). All velocities are given in km s−1.
4. PECULIAR VELOCITIES
This investigation was motivated by the patterns of
motions seen in Figure 5. Accurate distance measure-
ments allow discrimination of deviant motions from cos-
mic expansion. Observed velocities, Vobs, can be sepa-
rated between the expansion component, H0d, and the
line-of-sight peculiar velocity, Vpec,
Vobs = Hod+ Vpec. (1)
The appropriate reference frame for the analysis of ve-
locities in the domain 1− 15 Mpc is with respect to the
Local Group, and here we use the “Local Sheet” variant
(Tully et al. 2008). The choice of Hubble constant must
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(a) (b)
Figure 5. Projected negative peculiar velocities (blue) and positive peculiar velocities (red). Solid and dotted circles delineate
the Virgo Cluster 2nd and 1st turnaround radii. The dotted wedge delineates |b| < 15◦. Names are given to structural features.
The 5 galaxies of particular interest are (1) ESO 558-011, (2) HIZSS-003, (3) HIZSS-021, (4) Orion Dwarf, (5) GALFA-DW4.
a: Projection edge-on to the Local Sheet on the supergalactic equatorial plane. b: Structure at SGZ< −1.5 Mpc below the
equatorial plane viewed from the supergalactic pole.
be consistent with the scaling of the distance estimators,
which for this sample is H0 = 75 km s
−1 Mpc−1 (Tully
et al. 2016).
The vectors seen in Figure 5 represent projections of
Vpec, blue for negative values and red for positive val-
ues, emanating from the dots at the measured positions
of the target galaxies. Only galaxies with errors on dis-
tance less than 15% are included. Most galaxies in the
volume projected into these figures reside either within
±2 Mpc of the equatorial plane of the supergalactic coor-
dinate system (the Local Sheet) or, below the equatorial
plane, in the sparse, interconnected filaments called Leo
Spur, Dorado Cloud, and Antlia Cloud in the Nearby
Galaxies Atlas (Tully & Fisher 1987).
In the projection edge-on to these features, the left
panel of Figure 5, it is found that motions within the
Local Sheet in the interval −5 < SGY < +8 Mpc are
modest and scrambled about Hubble flow expectations.
Beyond SGY ' +8 Mpc peculiar velocities become sys-
tematically positive, manifesting infall toward the Virgo
Cluster (Karachentsev et al. 2014, 2018). Positive resid-
uals at negative SGY mark the approach to the Fornax
Cluster and the structure de Vaucouleurs (1956) called
the Southern Supergalaxy, lying to the left of the display
of panel a.
There are few galaxies above the supergalactic equa-
torial plane (positive SGZ), the domain of the Local
Void. Some of these lie along the M101 Wall, a spur off
the Local Sheet extending into the Local Void (Mu¨ller
et al. 2017; Anand et al. 2018). This feature is visible
at positive SGY, and extends up to SGZ ∼+6. Those
galaxies lying deeper within the void that have been
studied in detail have peculiar velocities toward us. We
interpret these motions as due to the expansion of the
Local Void (Rizzi et al. 2017). Galaxies on the far side
of the Local Void should also be experiencing the effects
of the void’s expansion, though accurate peculiar veloci-
ties are difficult to obtain at such large distances (Iwata
& Chamaraux 2011).
Our particular interest with the present study is in
the structures below the supergalactic equatorial plane
that overwhelmingly are also found to have velocities
toward us (at SGY < −5 Mpc there is a transition
to Vpec positive as the Fornax Cluster is approached).
From our standpoint in co-moving coordinates, essen-
tially all nearby galaxies above and below the Local
Sheet (|SGZ| > 2 Mpc) are heading toward us.
While the pattern of relative motions was becoming
apparent, the absolute motions with regard to very large
scales was not secure. Specifically, we can expect that
our Local Sheet is moving toward negative SGZ due
to the expansion of the Local Void, but with what am-
plitude? To what degree are the negative velocities of
galaxies at negative SGZ just a reflex of our downward
motion versus a possible consequence of their upward
motion?
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To a reasonable approximation, the answer to this
question is known. Shaya et al. (2017) reconstructed the
orbits of 1382 halos that capture the distribution of mass
within 38 Mpc with numerical action methods. The re-
construction was done in the reference frame of the en-
semble of mass within this volume. Overwhelmingly, the
reconstructed orbits of galaxies above and within the su-
pergalactic equatorial plane have orbits toward negative
SGZ in co-moving coordinates. By contrast, galaxies
below the structures on the equatorial plane have neu-
tral velocities in the SGZ direction. In the orthogo-
nal directions, both within the Local Sheet and below
the equatorial plane, galaxies are systematically flowing
toward positive SGY (toward the Virgo Cluster), and
toward negative SGX (toward the CMB dipole apex).
The intent of the new observations was to provide con-
firmation of the most local of these motions, our motion
normal to the equatorial plane and away from the Local
Void. Line-of-sight peculiar velocities in the SGZ direc-
tion are maximized toward the supergalactic pole. It is
seen in Figure 5 that this direction is toward the zone
of obscuration.
The four targets of our program are found to lie
roughly as anticipated in structures ∼ 6.5 Mpc below
the equatorial plane. Those labeled 1 and 3 in the
figure are at the interface between the Antlia Cloud
and Dorado Cloud features (ESO 558-011 with Vpec =
−46 ± 43 km s−1 and HIZSS-021 with Vpec = −214 ±
32 km s−1). Those labeled 2 and 4 (HIZSS-03 with
Vpec = −374± 40 km s−1 and Orion dwarf with Vpec =
−223 ± 45 km s−1)) are associated with the Leo Spur
near the junction with Dorado Cloud. Here the errors
reflect the uncertainties in distance convolved with un-
certainty in the proper value of H0 for the problem. The
latter uncertainty is small: ∆H0d ∼ 12−14 km s−1 with
∆H0 = 2 km s
−1 Mpc−1. Three of these galaxies clearly
have negative Vpec and the fourth is negative with 1σ
significance.
The newly derived distances were embedded in the
Shaya et al. (2017) model and the resultant orbits (from
z=4 to the present) are shown in Figure 6. In the the
SGX−SGY projection, there is great coherence. All
these galaxies are flowing toward positive SGY (Virgo
Cluster) and negative SGX (Great Attractor, apex CMB
dipole). In the SGX−SGZ and SGY-SGZ projections,
the galaxies on and above the supergalactic equator
(positive SGZ) all have motions that are descending in
SGZ. Those at negative SGZ, in the Leo Spur−Dorado
Cloud filament, have scrambled SGZ motions.
As incidentals, NGC 6946 and the Maffei galaxy are
plotted because new distances have become available for
these two dynamically important players (Anand et al.
2018, 2019). Their orbits follow the now familiar pat-
terns. If it is considered curious that all the galaxies
being plotted lie at SGY∼ 0, it is because the galactic
plane has this value. All the galaxies being discussed lie
at low galactic latitude.
4.1. GALFA-DW4: The Near Scenario
The fifth object that came to our attention, GALFA-
DW4, which lies in close proximity in projection to the
Orion dwarf, is a puzzle because at its measured distance
of 3.0 Mpc the implied peculiar motion is Vpec = +348±
28 km s−1. The uncertainty due to choice of H0 is an
insignificant 6 km s−1. Though what is taken to be the
red giant branch is sparsely populated, it is sufficiently
dense by F814W∼ 24.4 that the system would not be
more distant than 3.4 Mpc, whence the peculiar velocity
would not be less than ∼ +320 km s−1.
One potential explanation for this velocity anomaly
is that GALFA-DW4 is not truly isolated; that there
is a large galaxy lurking in the vicinity influencing its
motion. While unlikely, the enhanced extinction in this
region due to the proximity of the galactic plane raises
the small possibility that such a galaxy may have been
missed in previous catalogs. A gas-rich target would re-
sult in a large HI signal, and thus a significant detection
in a survey such as GALFA. The other option is that
this hypothetical galaxy is instead a gas-poor elliptical,
and has been incorrectly catalogued in existing all-sky
surveys.
This possibility has been examined by giving atten-
tion to all sources in a 460 deg2 region around GALFA-
DW4 in the 2MASS Extended Source Catalog (Skrutskie
et al. 2006). J+H+Ks color cutouts allow us to ex-
clude clearly distinguishable galactic nebulae and young
stellar objects. All identified galaxies are much less in-
trinsically luminous than expected for a large elliptical
at the required distance of ∼3 Mpc. It is conceivable
that the hypothetical target is located directly behind
a very bright star in the region (such as Betelgeuse,
l = 199.7872, b = −8.9586), which would make it dif-
ficult to clearly detect.
4.2. GALFA-DW4: The Far Scenario
In the left panel of Figure 7 PARSEC stellar pop-
ulation isochrones (Bressan et al. 2012; Marigo et al.
2017; Pastorelli et al. 2019) are imposed on the CMD
of GALFA-DW4 assuming a distance of 2.98 Mpc. The
RGB is represented by a 10 Gyr isochrone with very low
metallicity that terminates at the TRGB. Stars blue-
ward of the RGB and the modest number of stars above
the RGB are described by stellar populations of a few
hundred Myr.
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Milky Way
Andromeda
Maffei
NGC 6946
ESO 558-011
GALFA-DW4
HIZSS-003
HIZSS-021
Orion Dwarf
Figure 6. Numerical action methods orbits for the galaxies being discussed in diverse colors (additional galaxies in grey)
shown from three perspectives. All galaxies participate in the streaming pattern seen in the projection normal to the SGZ axis.
Galaxies on and above the supergalactic equator (SGZ> 0) all have downward motions, a characteristic not shared by galaxies
at negative SGZ. This downward motion is a direct result of the expansion of the Local Void, resulting in the piling up of
galaxies onto the Local Sheet.
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(a) (b)
Figure 7. Two distance options for GALFA-DW4. a: At 3 Mpc the RGB reaches almost F814W=24. Bluer stars and those
brighter than 24 mag would have ages of a few hundred Myr. b: At greater than twice the distance, the TRGB would lie fainter
than 26 mag. The resolved stars would all have ages less than 100 Myr.
The right panel presents an alternative. Here, assum-
ing a distance of 6.5 Mpc, all the resolved stars lie above
the RGB. Their ages are 80 Myr and less, with a com-
ponent of ongoing star formation consistent with the
observed emission regions. The stars taken to be on the
red giant branch at a near distance would actually be
on the asymptotic giant branch at a far distance. The
TRGB would be lurking faintward of F814W∼ 26.
The assumed reddening is different in the two cases
because at the farther distance the bluest stars are on
the zero age main sequence whereas at the nearer dis-
tance the bluest resolved stars have evolved off the zero
age line. In the farther case, we use the same Sobel fil-
tering method we performed with Orion to find E(B-V)
= 0.84 for the GALFA-DW4 dwarf.
The true situation cannot be resolved with the infor-
mation currently available. A deeper CMD would re-
solve the matter. Either there would be a break in the
stellar luminosity function below F814W∼ 26, the man-
ifestation of the onset of the RGB, or no break, the
expectation if more sensitive observations simply reveal
less luminous stars on the RGB than those now seen.
An orbit for GALFA-DW4 has been plotted in Fig-
ure 6. In lieu of having a distance, the numerical action
model found an orbit with an end point consistent with
the observed velocity. A distance of ∼ 7 Mpc is ob-
tained. Without a mystery attractor, no plausible orbit
for GALFA-DW4 within the model could end up at 3
Mpc.
5. SUMMARY
Four modest galaxies lying in the zone of obscuration
have been observed with HST WFC3 at infrared bands
to successfully resolve stars within the red giant branch.
Distances are determined from the luminosities of stars
at the tips of the red giant branch. In all cases, the
distances are greater than they would be given their ob-
served velocities and the assumption of participation in
the Hubble expansion. They all have negative velocities
in co-moving coordinates.
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This result was largely anticipated. The newly ob-
served galaxies lie in a bridge between filaments called
the Leo Spur north of the galactic plane and the Do-
radus Cloud south of the plane. Galaxies across this
continuity of structure systematically manifest negative
peculiar velocities. The motions have been interpreted
in the past as a reflex of the velocities of our Galaxy
and immediate neighbors in the Local Sheet away from
the Local Void. The Local Sheet is part of a wall of an
expanding void, with the expansion pushing us toward
the Leo Spur − Doradus Cloud filament.
An additional galaxy close by on the sky observed
in a separate HST program, GALFA-DW4, came to our
attention. It would appear from the CMD that the RGB
is being resolved which would place the galaxy nearby, at
3.0 Mpc, and with a substantial positive peculiar velocity
of 348 km s−1. This situation would be very unusual
and interesting, if true. Alternatively, the feature that
we are taking to be the red giant branch might be the
asymptotic giant branch. The red giant branch might be
unresolved. With this explanation, GALFA-DW4 lies at
greater than 6 Mpc and has a peculiar velocity not in
substantial disagreement with the other systems in this
program.
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